Background. Directly observed therapy (DOT) remains an integral component of treatment support and adherence monitoring in tuberculosis care. In-person DOT is resource intensive and often burdensome for patients. Video DOT (vDOT) has been proposed as an alternative to increase treatment flexibility and better meet patient-specific needs.
Tuberculosis (TB) remains a global pandemic responsible for nearly 2 million deaths annually [1] . In the United States, previously reported declines in incident disease have stagnated in recent years [2, 3] .
A central challenge in the fight against TB is overcoming the barriers presented by TB therapy itself. Side effects are common, and treatment courses are long, extending well beyond a year in some cases of drug-resistant disease [4, 5] . Poor treatment adherence has been linked to microbiologic failure, disease relapse, and the emergence of drug resistance [6, 7] .
In response, and in an effort to promote treatment completion, the Centers for Disease Control and Prevention (CDC) and the World Health Organization (WHO) have advocated for directly observed therapy (DOT), wherein the ingestion of each dose is directly monitored [4, 8, 9] . Programmatic uptake of DOT has been widespread. Within the United States, DOT is now the standard of care, and is even codified into law in many states [10] .
Despite broad policy support, more recent studies looking at the effectiveness of DOT on treatment outcomes have been mixed, likely owing to heterogeneous approaches to implementation [11] [12] [13] . Nonetheless, current treatment guidelines, including that from the CDC, continue to underscore the importance of DOT, but now emphasize its role as just 1 component of a multifaceted approach to case management and treatment support [4, 14] . Further, "To be consistent with the principles of patient-centered care, decisions regarding the use of DOT must be made in concert with the patient" [4] . As such, DOT implementation must account for patient-specific needs, and should ideally couple observation of pill ingestion with strategies for adherence support.
Employing DOT in a patient-centered fashion can be challenging. Scheduling in-person DOT visits is logistically complicated and resource intensive (for patients and TB programs) and can increase both patient-and program-level costs. In some individuals, logistical barriers and perceived stigma related to DOT have led to feelings of humiliation, loss of control, and stress [15, 16] . In some situations, DOT requirements may therefore represent a barrier to adherence. What's more, provisions for DOT may impact provider prescribing practices. While updated TB guidelines advocate daily therapy (ie, 7 days/ week), our experiences suggest that health departments commonly dose TB medications Monday through Friday (M-F, ie, business days) only, or intermittently (ie, 3 days/week), in an effort to facilitate in-person DOT.
To overcome these barriers, video-based DOT (vDOT) has been proposed as an alternative to in-person observation [4, 14, 17] . Early in 2017, the CDC released a toolkit for the implementation of vDOT within TB programs [18] . However, given the limited experience with vDOT, the guideline cautions against its use in complex patients, including those with "adherence issues, " "language barriers, " and "multi-drug resistance, " and acknowledges the need for operational research. This approach, however, may restrict usage in those with complex treatment factors who could potentially benefit most from the added flexibility provided by vDOT.
As such, we designed a pilot implementation study to address several gaps in our current understanding of vDOT implementation [19] [20] [21] [22] [23] [24] [25] [26] [27] . We utilize a mixed-methods approach to evaluate (1) feasibility, (2) accessibility, and (3) costs when implemented under real-world conditions. First, we sought to understand feasibility and acceptability in broad patient populations, including those with previously poor adherence and drug-resistant disease. Second, we sought to assess effectiveness for observation of therapy and costs. Finally, we sought to describe implementation challenges and successes, patient selection for vDOT, and the impact of heterogeneities in clinic structure.
METHODS

Overview
We conducted a pragmatic, prospective pilot implementation study. Our objective was to assess the feasibility, acceptability, and cost of vDOT utilizing a Health Insurance Portability and Accountability Act (HIPAA)-compliant mobile app, miDOT (emocha Mobile Health Inc.), for TB treatment monitoring, adherence support, and case management (Supplementary Figure 1) . The study was carried out within 3 public health TB clinics in Maryland that service a mixed urban/suburban population. Protocols were approved by the ethics committees at Johns Hopkins University, the Baltimore City Health Department, and the Maryland Department of Health.
Study Population
All adult patients receiving active TB treatment or short-course isoniazid/rifapentine-based latent TB (LTBI) therapy were eligible for participation. Inclusion required that patients be ≥18 years of age and have ≥2 months of therapy remaining. All patients initiated TB therapy with in-person DOT, though they could transition to vDOT at any point during their treatment course. The decisions to offer vDOT were made by nonconflicted health department clinicians, without explicit exclusion of non-English speakers or those with multidrug-resistant disease or poor prior adherence. Patients interested in utilizing vDOT provided written informed consent, and those without access to a smartphone were provided one by the study.
TB Treatment
Treatment decisions were clinic-directed according to Maryland state and CDC guidelines, regardless of DOT modality [4, 28] . Under these guidelines, drug regimens generally rely on either daily or intermittent (3 days/week) dosing. While studies have not compared the efficacy of 5 vs 7 doses per week, under DOT, both regimens were referred to as "daily" [4] . Each clinic defined treatment completion and success based on ingesting a set number of target doses. Any missed doses were added to the end of therapy, extending treatment duration. At baseline, for daily dosing, TB clinics combined in-person DOT 5 days/week (M-F) with weekend (and holiday) self-administration, the latter not contributing to the overall dose target. While on vDOT, dosing frequency (ie, 5 days/week vs 7 days/week) and whether to observe and count weekend doses toward an overall dose target were left to clinic discretion. Patients were sent twice-daily SMS reminders in the absence of submitted videos and were prompted to document side effects prior to each submission (see the Supplementary Data for more on miDOT specifics). All patient data, servers, and transmissions were encrypted to protect patient privacy, and the app automatically deleted videos from the smartphone upon transmission (Figure 1 ).
Feasibility and Effectiveness
We assessed 2 primary outcomes, acknowledging a lack of consensus definition on measurement of adherence and differences in programmatic practices related to "expected" doses. The first was treatment adherence, or the proportion of "expected" DOT (in-person or video) that was successfully completed, in which the "expected" dose was defined by the TB clinic (usually omitting weekend and holiday self-administered doses) (Supplementary Figure 2) . Given that the goal of DOT is to observe all prescribed doses, as a secondary measure, we calculated the observable fraction, or the proportion of total doses (inclusive of weekends, holiday, or other "self-administered" doses) completed under observation (either in-person or by video). All patients received case management per routine at each TB clinic site irrespective of DOT modality; this generally included case management phone calls or visits following missed doses or reported side effects.
Differences pre/post-vDOT implementation were evaluated using paired t tests, though our study was not powered, nor specifically intended, to detect between-group differences. All analyses were conducted in STATA 14.
Acceptability
Qualitative research methodology was employed to explore participant and staff perceptions of in-person and vDOT. All clinic staff (DOT workers, case managers, clinicians) and enrolled patients were approached to complete surveys and in-depth interviews pre/ post-vDOT implementation; a separate informed consent was used, and patients could enroll in the study without participation in the qualitative component. All interviews were digitally recorded and transcribed verbatim. Each transcription was reviewed by 2 study members, and an iterative, open-coding strategy with framework analysis was employed to identify salient themes [29] .
Cost
A cost analysis was conducted using time motion studies and an ingredients-based approach in which unit costs for labor, equipment, and consumables were multiplied by quantities required for in-person DOT and vDOT (Supplementary Table 5 ). To allow equal comparisons, final calculations were standardized to a 6-month treatment course (daily therapy) for drug-sensitive TB; based on clinic practices, primary analysis was standardized to a M-F dosing strategy, with a secondary analysis comparing 7-day/week therapy.
In base case analysis, we incorporated costs for a licensed practical nurse (LPN) utilizing a Department of Health (DOH)-owned vehicle for community-based, in-person DOT. For vDOT, the base case scenario incorporated costs of a program-provided smartphone (and associated data costs) and an estimated commercial software cost of $50 per patient per month (personal communication, emocha).
Sensitivity analysis was conducted to evaluate variations in consumable, labor, and equipment costs with consideration of programmatic heterogeneity in the implementation of in-person DOT (eg, type of staff conducting DOT, vehicle used, and travel distance) and vDOT (eg, range of software-associated costs from a high of $100 per patient per month to free) (Supplementary Figure 3) .
RESULTS
A total of 28 patients were enrolled and treated between March 2016 and August 2017. Of these, 25 received active TB therapy and 3 received weekly rifapentine/isoniazid (INH) for LTBI (Table 1) . Ninety-three percent of patients were foreign born. Only 3 patients (11%) required use of a study phone for vDOT. Thirty-nine percent had extrapulmonary disease, consistent with regional and national epidemiology [30, 31] .
Among active TB patients prescribed "daily" therapy (at any point during their treatment), a dosing strategy of DOT 5 times/week (M-F) with weekend self-administration was the most common observation strategy regardless of DOT modality, though it was more frequent during the in-person period (100% vs 76%, P = .01). Overall, intermittent thrice-weekly therapy was utilized less commonly on vDOT than during in-person (24% vs 16%, P = .32). No patients received 7 days of in-person DOT, though 2 were transitioned to this schedule while on vDOT. The mean times on therapy for in-person DOT and vDOT were 12.2 and 19.2 weeks, respectively (P = .01).
Feasibility/Effectiveness
Measured adherence was high irrespective of DOT strategy: median 98% (interquartile range [IQR], 90-100) during in-person DOT and median 94% (IQR, 88-98) while on vDOT (P = .17) ( Table 2 ). The median observable fraction (ie, proportion of all prescribed doses observed) was statistically lower during the in-person DOT period (in-person, 66% [62%-72%]; vs vDOT, 72% [67%-92%]; P = .03). Overall, only 15% of patients had more than 80% of total prescribed doses verified through observation during in-person DOT, compared with 36% during vDOT (P = .01), a consequence of self-administered weekend and holiday doses. 
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Fifty-seven percent of patients had at least 1 rejected video (mean, 1.8; range, 0-11), representing 2.1% of all submitted videos (2350). The 2 most commonly cited reasons for rejection were "Medication dose not visible" and "Poor video quality. "
A total of 4 patients traveled internationally while on miDOT, though they continued to successfully submit videos. Two patients were transferred from Health Department care after permanently leaving the United States prior to treatment completion (1 to Liberia and 1 to Ivory Coast); both had been on vDOT for >16 weeks with adherence of 72% and 87%, respectively, at the time of study exit. A single patient had vDOT discontinued prematurely after 5 weeks due to an adherence of 63% (on 7 days/week of DOT); the patient had been on in-person DOT for 17 weeks prior to vDOT, expressed an interest to return to her prior routine of in-person DOT, and successfully completed therapy with an adherence of 100%.
Acceptability
All staff and patients were approached to explore attitudes toward in-person DOT and vDOT. Twenty staff members participated before vDOT implementation, and 16 post-implimentation; 25 patients were included before vDOT, with 10 providing post-treatment feedback. vDOT adherence did not differ between patients completing and those not completing post-intervention qualitative assessment (adherence, 89% vs 90%; P = .92).
At baseline, nearly all staff members felt that in-person DOT provided beneficial social support (95%), and only a few (10%) considered self-administered therapy to be sufficient alone (Supplementary Tables 1 and 2 ). Both staff (95%) and patients (92%) were comfortable using smartphones from the outset. Following the intervention, all surveyed patients felt that the miDOT platform was "easy to use" and preferred it over in-person DOT.
Themes related to this preference for vDOT were common during interviews and focused on convenience and increased flexibility (Table 3; Supplementary Tables 3 and 4) . Both patients and staff commented on the limitations of in-person DOT when managing complex schedules. Speaking to the impact of foreign travel, 1 staff member noted, "We try to arrange jurisdictional coverage during [travel] times, but if it's outside the country, you really can't. "
Another prominent theme was the impression that in-person DOT threatened patient privacy. This concern appeared to be driven by the public optics of daily visits (at home/work) from DOH staff. In speaking to this concern, 1 patient stated, "Sometimes they meet me…at work…. I'm afraid I'll be seen. " The added flexibility provided by vDOT seemed to allay these fears. As 1 nurse commented, "You can do [vDOT] in your car on the way to work. You can sit out in your driveway and do it…. It's more private than having a nurse come to the house. " Notably, no patients or staff raised concerns regarding data security with the use of mobile phones to share private health information. While an uncommon theme, 1 nurse manager discussed a fear of displacement among staff, stating, "Some DOT workers worry that video DOT will take their jobs. " At the same time, she went on to highlight the ability of vDOT to maximize clinic resources, noting, "[vDOT] actually helps because a lot of the time we're short [staffed and] when you have this.… You don't want your workers running around the streets all day. " Further, it was noted that DOT workers could take on larger patient panels and spend more individual time face to face with those remaining on in-person DOT. Additional comments and themes can be found in the Supplementary Data.
Cost Analysis
In our primary analysis (observation 5 days/week for a 6-month course), we projected that vDOT implementation would lead to an incremental cost-savings of $1391 per person compared with using in-person DOT (Table 3) .
Cost for in-person DOT was driven largely by labor. In our primary analysis, labor costs totaled $1838, amounting to >90% of the overall DOT expenditure for a standard TB treatment course (Table 4) . Labor costs varied markedly in sensitivity analysis based on health care worker type (eg, community health worker [CHW] vs registered nurse [RN]); overall, we estimated total in-person DOT costs at $866 to $5616.
For vDOT, we found that costs were driven by consumables, namely estimated software ($0-$100 per month) and data costs. In our base case, consumable costs totaled $495 ($0 to $900), comprising two-thirds of net treatment costs. Labor costs were low, totaling only $131 ($62-$413) and accounting for <20% of overall costs ($674). At the highest estimates of consumable costs ($900), driven by a monthly charge of $50 for data and $100 for software, vDOT was still associated with a cost-savings of roughly $1000 per treatment course, compared with in-person DOT.
DISCUSSION
In our pragmatic mixed-methods implementation of treatment monitoring strategies at 3 separate public health TB clinics in Maryland, we found broad patient and staff acceptability of vDOT, with similar adherence and an increased proportion of prescribed doses confirmed through observation. Our economic evaluation suggests potential cost-savings with vDOT, when compared with exclusive usage of in-person DOT. Our study is unique compared with prior evaluations of vDOT in its broad patient inclusion criteria, allowing for a real-world assessment and insights related to vDOT implementation. In-depth interviews with patients and staff revealed that TB programs considered vDOT a preferred option for patients in whom in-person Only participants treated for active TB included (n = 25). a Percentage of "expected" DOT doses (in-person or video) completed, excluding self-administered doses (ie, weekends or clinic holidays). An additional, less stringent analysis was also conducted wherein "completed" vDOT was loosely defined to include both verified and rejected miDOT videos: in-person 98% (90%-100%) vs vDOT 96% (89%-100%), P = .37. Percentage of total planned doses (inclusive of weekend/holiday self-administered) that were observed (in-person or video). For vDOT, "observation" was loosely defined to include all forms of uploaded miDOT videos (verified, rejected, unexpected), though only 1 video was counted for a given dosing day. An additional, stricter analysis was also conducted wherein, for vDOT, "observation" referred only to verified videos: in-person 66% (62%-71%) vs vDOT 70% (63%-90%), P = .22. c Total number of regimens exceeds sample size (n = 25, active TB only) as some participants had >1 dosing frequency during their therapy. The miDOT video system prompts patients to indicate side effects prior to video submission using checkboxes on the mobile app, with positives resulting in an automatic provider alert. The most common symptom reported was abdominal pain, followed by weakness. Other reported side effects included nausea/vomiting, rash, sores on lips/mouth, joint pain, yellowish skin or eyes, and other. Of note, some patients digitally captured side effects during the video recordings (eg, rash).
DOT was logistically infeasible (eg, complex schedules or travel where the alternative was self-administration) or represented a barrier to care (eg, stigma). Program managers reported that associated time-and cost-savings allowed task-shifting with redistribution of limited clinic resources. Overall, our results suggest that vDOT is able to more effectively measure TB treatment adherence (including weekends and holidays), compared with in-person DOT, and can be successfully integrated into patient-centered, individualized case management plans that result in high rates of adherence and treatment success. Our study has several important limitations. Given current TB case rates, our sample size was modest, and we were not powered to identify small changes in adherence. Nonetheless, we found improvements in the "observable fraction" of prescribed doses with vDOT, and our study is strengthened by in-depth qualitative and cost analyses that will help guide future larger-scale public health implementations. We did not assess for clinical end points, such as sputum conversion or disease relapse. While our study design allowed for within patient comparisons, these data must be interpreted with caution given the potential for time-varying confounders, such as medication adherence, which is known to decline as patients feel better and undergo treatment fatigue [32] . These factors could have reduced the observed vDOT adherence compared with in-person DOT, given vDOT initiation later in the treatment course. Lastly, our study sample was based on clinic (and patient) discretion and was not randomized; as such, our conclusions may not apply to all patients indiscriminately. Nonetheless, we included a range of TB patients, from the latently infected to those with extrapulmonary disease, and did not exclude patients based on prior adherence. Furthermore, it is important for TB programs to consider that while observation of pill ingestion may facilitate measurement of adherence, it is not the sole determinant of one's adherence; reported adherence and treatment outcomes may therefore differ according to how DOT services are integrated into broader case management strategies. At our study sites, all patients continued to receive dedicated case management and other adherence support interventions per routine, irrespective of DOT modality (particularly after missed doses or reported side effects). As such, our quantitative and qualitative results provide support for the promotion of individualized case management plans and argue against a "one size fits all" strategy for providing treatment support and treatment monitoring. Overall, our study provides needed insights on key aspects of vDOT usage related to patient selection, implementation, effectiveness, and costs. We found that many patients were ultimately enrolled because of social factors thought to preclude, or at least impact, the ability to conduct in-person DOT. For example, several patients were able to have treatment observation and adherence measurements using vDOT while traveling outside of the United States. Such examples have practical implications. In most public health TB programs, prior to vDOT implementation, such doses (taken under self-administration) would not have "counted" toward treatment progress (ie, would need to be made up), ultimately prolonging treatment.
Beyond facilitating early recognition of poor adherence or side effects, DOT also has other critical roles in promoting successful TB control. In the absence of a biological marker for disease cure, TB programs base treatment completion on a prespecified number of treatment doses [4] . When applied consistently, DOT therefore serves as a key method to measure adherence and represents a mechanism to track treatment progress. In this regard, our study highlights an important consideration in adherence measurement and dosing frequencies. Current treatment guidelines have placed increasing emphasis on daily (7 days/week) therapy, though they still accept a 5-day/week alternative "daily" schedule (for drug-sensitive disease), acknowledging that "there are no studies that compare 5 to 7 daily doses" [4] . Given logistical constraints, many TB programs in the United States utilize a hybrid treatment schedule, wherein a regimen of 5 days of DOT (M-F) is coupled with self-administered weekend doses; some programs omit weekend doses altogether. Self-administered weekend (or holiday) doses are generally not applied to the overall treatment dose count or adherence calculations (ie, they are not "expected" and are not "made up" if missed). In effect, with current practices, "in-person DOT" is only able to measure 5 of 7 (71%) prescribed weekly doses.
We therefore a priori chose to report a related metric, the observable fraction, to quantify the true percentage of prescribed doses, inclusive of weekend self-administration, that could be measured through observation (in-person or video). Prior to the study, we assumed that clinics would move away from intermittent dosing regimens, in favor of 7-day/week therapy upon transition to vDOT. Ultimately, we did see a significant 8% increase in the observable fraction upon transition to vDOT; however, the absolute fraction was only 76% (vs 68% with in-person DOT). This result stemmed from the fact that only 2 participants had their monitoring frequencies increased to 7 days/week on vDOT, likely a result of entrenched provider practices. For example, some clinics explicitly instructed patients not to submit weekend videos, while others actively rejected any such submissions. Our study demonstrates the need to adapt clinic workflows to this new monitoring approach, as vDOT ultimately enables the expansion of treatment monitoring to 7 days/week and eliminates the need for self-administered doses. This increase in the number of observable doses is likely to reduce overall treatment duration by eliminating the need to make up extra doses related to self-administered or unobserved doses (under the assumption that programs only count observed doses toward treatment progress).
Finally, our study provided the first in-depth cost analysis of asynchronous vDOT. We found marked heterogeneity across health departments, both in terms of staffing and the operational implementation of in-person DOT. Despite this diversity, we estimated vDOT to save programs at least $1000 per patient if implemented for a standard 6-month treatment course (vs 5 days per week in-person DOT). When considering TB clinic costs and staffing overall, it is important to acknowledge that DOT represents 1 of several TB treatment-and case management-related activities. During our in-depth interviews, a single CHW expressed concerns about Miles traveled was estimated from discussions with clinic managers, DOT workers, and through evaluation of monthly gas and mileage reimbursements logs. Range incorporates fluctuations in gas price and variability in the distance between patients.
e Software estimates were provided directly by emocha Mobile Health Inc., with the base case assuming a flat monthly rate of $50 per patient per month. The low-end estimate assumes free software and a patient-provided data plan, while the high-end accounts for variable data costs and a flat monthly software fee of $100 per patient. Commercial pricing may vary. being displaced by this new technology; such considerations need acknowledgment during implementation. However, several staff members also presented alternative perspectives noting that vDOT allowed for increased time and attention to be directed toward other required activities (eg, contact investigations, patient counseling, and social support). In an era of increasing responsibilities and limited funds, maximizing staff potential is often a necessity. Overall, our study contributes to the growing literature on usage of alternative modalities for TB treatment monitoring and expands on prior efforts by demonstrating the feasibility, acceptability, and cost-savings in a previously unstudied environment and among a broader patient population [20] [21] [22] [23] . By using a rigorous mixed-methods implementation science approach, our results identified and highlighted several important considerations related to patient selection, treatment frequency, and measurement of adherence that will guide policy makers and TB programs considering vDOT implementation. Importantly, our findings suggest the need for flexible, individualized case management plans that consider patient needs while achieving public health goals.
